Advanced DFT models of complex catalysts, such as amorphous silica-alumina and supported subnanometric platinum particles, bridge the gap between the ideal surface model and the industrial catalyst.
Introduction
Since the 19 th century, when "catalysis" was given a definition by J.J. Berzelius, heterogeneous catalysis was at the origin of significant societal advances, materialized by the set-up of major catalytic processes, such as the synthesis of ammonia, 1, 2 hydrotreatment, 3 Fischer-Tropsch synthesis, [4] [5] [6] catalytic cracking 7 and reforming, 8, 9 automotive exhaust treatment [10] [11] [12] [13] [14] to name a few. Advanced rationalization studies of catalytic reactivity and surface reactions were undertaken very early, some of them being awarded Nobel prizes, as P. 17 One may however admit that earlier most efficient industrial heterogeneous catalysts such as those used in refining plants were discovered empirically, thanks to a combination of sharp chemical intuition and strong opportunism. For instance, the promoting effect of Co in MoS 2 systems, widely used nowadays in hydrotreating processes, was discovered around WWII only after a large number of trial and error experiments. 18, 19 Similarly reforming catalysts are the subject of continuous empirical improvements since WWII involving various types of dopants added either on the metallic phase or on the alumina support, the role of which remains however under debate. 8, 9, 20 Thus, the composition and structure of the industrial catalysts (active phase and support) are generally very complex. Current applied research integrates advanced tools for the discovery of new efficient active phases, [21] [22] [23] which usually brings additional components to the original formulations of heterogeneous catalysts.
Accurate control of the catalytic performance however requires advanced knowledge of the structure of the numerous active sites and of the origin of their catalytic properties, at the atomic scale. This is not an easy task from the experimental point of view, as the respective contributions of each type of site to the spectroscopic or catalytic response are generally convoluted. One may choose two rational approaches to unravel this issue. The first one consists in the elaboration of model catalytic systems, exhibiting a limited variety of sites of controlled coordination, taking part to a well-defined crystalline network, to isolate their respective structure and implication in catalytic reactions. These model systems can be cleaved single crystals or thin films obtained by surface science techniques, [24] [25] [26] or particles with controlled morphology and narrow size distributions [27] [28] [29] [30] for example. The second approach is based on the development of advanced analytic methods, 29, [31] [32] [33] [34] possibly designed for in situ and operando experiments, 35, 36 and of innovative catalytic procedures and reactors. 22, 37, 38 Of course both approaches can be combined, and have led to significant achievements in the understanding of metallic and oxide surfaces in particular. 39 Computational chemistry is a precious and complementary approach to provide a better description and understanding of heterogeneous catalytic active sites at the atomic scale. Thanks to the development of Density Functional Theory (DFT) elaborated by
Hohenberg and Kohn (one of the Nobel prize in Chemistry 1998), 40 it is now possible to apply quantum chemistry for the simulation of simple catalytic systems, as perfectly crystalline zeolites and ideal metal surfaces for example. 41, 42 Due to high computational requirements, the simulation of more complex catalytic systems as a whole remains however not trivial.
Most commonly used types of models for heterogeneous catalysts were detailed in previous perspectives. 43, 44 In brief, a piece of the system can be modelled either by clusters of finite number of atoms or by ideal infinite surfaces within periodic boundary conditions.
The cluster approach consists in the simulation of a piece of a particle (representing the active phase) from 10 to several tens of atoms. In the spirit of hybrid schemes developed for the simulation of macromolecules by Warshel, Levitt and Karplus (the Nobel Prizes in Chemistry 2014), in particular biomacromolecules, 45 embedding species can be added in the surrounding to describe, at a lower level of theory, the remaining part of the catalyst particle. 46, 47 The periodic approach consists in the simulation of an elementary cell, containing from several tens to several hundreds of atoms. The cell is periodically replicated over three (sometimes two) directions in space for the simulation of a crystal, or of an infinite surface if a vacuum layer is introduced.
By essence, a model of the surface is aimed at, so that quantum calculations are preferentially compared to experiments performed on model systems. When dealing with periodic approaches, ideal cleaved surfaces of catalytic materials or ideal bulk structures of microporous materials are generally considered as models. This is the case for example for simulations of zeolites 41, 48 or metallic surfaces. 43 In the latter systems, low indexes crystallographic orientations depending on the metal crystal symmetry are chosen as relevant for metallic active sites exposed on the particles. 41, 49, 50 For FCC metals, the most stable (111) terrace led to the most important amount of work. The appropriate choice of specific cleavage orientations (generally with high Miller indexes) also enable the simulation of periodic defects such as steps. 49, 51 For the study of chemical reactivity at such metallic surfaces, the most convenient way is to start from a bare surface, and to consider low and constant reactant coverage, so as to identify the intrinsic effect of the metal nature and local structure on reaction energies and activation barriers, and possibly deduce some "universal" trends in catalysis. 50 During the last decade, a great number of theoretical studies have been published in this spirit. This ideal surface approach at low coverage is expected to be powerful and relevant when the chemical state of the catalytically active phase is weakly perturbed by chemical environments: coverage effects, support effects, change of surface chemical composition, etc.. Regarding the degree of complexity reached by the real catalytic systems (either at the industrial scale or the laboratory scale), it is often mandatory to go beyond the ideal surface approach at low coverage. This is particularly true when defects cannot be described by specific cleavage orientations of the bulk materials, such as for low coordinated sites of nano-agregates, extra-framework species or vacancies, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] and when they dominate 7 the surface reactivity of solids. It is also mandatory to address the complexity of the system for supported catalysts when support effects are suspected to influence directly or indirectly the reactivity. [63] [64] [65] This is the case in bifunctional catalysts such as hydroisomerization or hydrocracking where a hydrogenation function is brought by a metallic phase (reduced or sulfided) and a cracking or isomerizing one is brought by the acidic support such as a crystalline zeolite or an amorphous silica alumina (ASA). 3, 7, 66 In addition, indirect support effect occurs when the size of active nanoparticles becomes sub-nanometric such as in reforming catalysts. 9 Their electronic and structural properties are expected to be modified by the support. Finally, the ideal surface model at low coverage is not relevant anymore when the reaction conditions modify the chemical state of the catalyst. Several well-known examples illustrate that a metallic surface does not remain purely metallic and tends to become either oxidized under oxygen partial pressure, 67, 68 or carburized under carbon chemical potential. [69] [70] [71] [72] Most oxide surfaces become usually hydroxylated when contacted with moisture, which obviously influences their Brønsted/Lewis acidities. 53, [73] [74] [75] [76] [77] [78] This complexity represents a double challenge for current and future atomic scale's simulation: firstly, one needs to include a sufficiently large number of atoms, arranged in a rational manner -not arbitrarily -to render the variety of surface sites such as Lewis and
Brønsted acido-basic sites, defects, etc., which is limited by computational resources and codes performance. Secondly, one has to undertake a highly rational approach to propose a relevant model for a complex system working in given reaction conditions, which modify the chemical state of the surface.
As methodological aspects and challenges of quantum calculations for heterogeneous catalysis were the object of previous perspectives, 43, 44 we focus here on the the need to take into account the complexity in the molecular models to reach chemical relevance for current or future industrial catalysts. We highlight first principles studies performed in our group, which recently addressed this high degree of complexity of the catalytic system under reaction conditions:
-amorphization of oxide surfaces on the one hand, with the particular case of amorphous silica alumina (ASA),
-ultra-dispersed mono and multi-metallic catalysts, with the example of subnanometric platinum clusters, possibly doped with tin and/or indium, supported on γ-Al 2 O 3 .
Both aspects will be discussed in close conjunction with the effect of the surrounding environment: temperature and partial pressures of main reactants, which directly influence the coverage effects.
These two systems are of paramount importance in industrial catalysis. ASA is the acidic support of catalysts involved hydrocracking, 7, 79 and is also used in the field of biomass conversion, 80, 81 due to its mild acidic properties. Ultra-dispersed platinum-based catalysts supported on gamma-alumina are involved in dehydrogenation and catalytic reforming processes, inter alia. 9 The rational and molecular scale approach led to the proposal of original surface sites which revisit some experimental findings but also open avenues for future experiments. The impact of ambient atmosphere and reactive medium is taken into account thanks to a thermodynamic approach. The structural complexity of these systems is also at the origin of an enriched catalytic behaviour for multi-steps reactions. We will show how DFT calculations can also help in this field. Through these two examples, we will propose some challenges and perspectives in the integration of chemical complexity in the simulation of heterogeneous catalysis.
General methods
The search for more and more accuracy for reasonable computational cost is a motivation in our field. 43 As many groups, we use state-of-the-art methods for the elaboration Both systems presented in this perspective share a common starting "ingredient", which is the alumina support model developed previously by Digne et al., 73, 74 on the basis of the γ-Al 2 O 3 bulk model established by Krokidis et al. 89 The (100) and (110) surface orientation represent about 90 % of the total surface area of the particles. The (100) is the less reactive (in particular the less hydrophilic one), whereas the (110) surface remains hydroxylated up to high temperatures / low water partial pressures. 77 These surfaces can possibly be chlorinated to promote their acidity. A chlorinated model was also established by Digne et al. 90 All these surface models were the basis for the simulation of more complex systems, as shown below.
Surface models for Amorphous Silica Alumina
Amorphous silica-aluminas (ASA) are composed of variable amounts of silica (SiO 2 ), alumina (Al 2 O 3 ) and water (H 2 O), and are widely used for their acidic character. 7 Zeolites, which also belong to the aluminosilicate family, are also widely used in catalysis. Being welldefined crystalline materials, the relationship between their structure and acidity was characterized and studied extensively for some decades. [91] [92] [93] [94] By contrast, the lack of long range ordering in ASA hampers systematic characterisation of the local environment around each cationic species. However, these materials are regaining interest for industrial applications, in particular for the enhancement of the selectivity in middle distillates in hydrocracking reactions, 7 , 95 and for biomass conversion. 80, 81 From a fundamental point of view, the determination and the characterization of the acid sites of ASA remain challenging opened questions. Structural hypothesis are not unanimous between research groups.
96-101
New insights were recently acquired through DFT calculations, 87, [102] [103] [104] leading to a surface model of silicated alumina, which accounts for the presence of original surface sites at the origin of mild acidity. Note that to the best of our knowledge, despite significant effort un the simulation of bulk aluminosilicate glasses in the field of geological glasses, 105, 106 simulations studies of the surface of ASA was not undertaken before, if we except some earlier attempts to choose "local" models, as aluminosilsesquioxanes.
107, 108
Grafting of silica derivates on alumina
ASA samples can be synthesised by very different methods, 109 in particular by deposition of organosilanes Si(OR) 4 on γ-Al 2 O 3 . This method yields silicated alumina with satisfactory control of the amount of silica deposited. 110 An exchange reaction is expected to take place with OH groups of alumina [111] [112] [113] followed by hydrolysis. The overall reaction is thus formally equivalent to silicic acid Si(OH) 4 exchange with γ-Al 2 O 3 hydroxyls : this general reaction was modelled by Density Functional Theory calculations.
We started with the γ-Al 2 O 3 alumina model obtained previously by Digne et al. 73, 74 (see section 1). The (100) surface of alumina appeared to be the most interesting in terms of amorphisation. 87 For silicic acid coverage θ Si = 0.5 nm -2 , the preferred exchanged configurations lead to the competitive bidentate and monodentate structures illustrated in , the ellipse highlights the silicic acid dimer demixed from ASA upon successive water molecule adsorption, which leads to partial segregation of silica as shown in the scheme. Adapted from ref. 87 .
Aluminium atoms migrated from the alumina phase to a mixed ASA phase. Released from an octahedral position in pure alumina, they finally exhibit tetrahedral and pentahedral coordination, which is in line with experimental findings from 27 Al NMR : the Al IV /Al VI ratio is higher in ASA than in γ-Al 2 O 3 , 98, 114 and Al V exist in ASA. 114, 115 The crucial impact of thermal treatment for the synthesis of an ASA phase is thus molecularly demonstrated. The surface obtained exhibits some original Al IV and Al V likely to behave as Lewis acids, but the generation of Brønsted acid sites requires OH groups.
The surface state of ASA was thus determined as a function of the temperature and partial water pressure (Figure 2-(b) ), by simulating successive adsorption of water molecules.
Silanols are preferentially generated over Al-OH groups. For high water contents (Figure 2 -(c)), silicic oligomers demix from the ASA phase. These types of oligomer are expected to segregate so that part of the mixed ASA phase is lost. In particular, calculations predict a systematic trend to demixing at room temperature (unless some kinetic limitations occur), illustrating again the most important role of thermal treatment in the stabilisation of a mixed aluminosilicic phase.
Hydroxyl groups present on the ASA surface models
For typical analytical and reactivity conditions, surface models exhibiting 5. Several silanols in interaction through space (no Al-O covalent bond) with one acceptor Al IV or Al V atoms are also present ( Figure 3-(e) ). These we called Pseudo-Bridging Silanols (PBS), 87, 102, 103 in particular PBS-Al, when Al acts as the "acceptor" atom. In some cases, a silicon atom may also play the role of the acceptor (Figure 3 -(f)), as seen with the so-called PBS-Si group. Note that since then, PBS-Al-like sites were suspected on silicated alumina from experiments. 116 This variety of OH group environments suggested by the model explains the complexity of the infra-red spectra of ASA. The vibration frequencies of OH groups on the ASA surface model were indeed calculated and compared to experiments (Figure 4 ). 103 The
Si-OH frequency, calculated and observed near 3740 cm -1 in silica, 117 is lowered when the silanol is in close proximity (Silanol-Al and PBS-Al) with an Al atom. The difficult observation of zeolite-like bridging OH groups on ASA is also explained by the lower thermal stability than in zeolites, as well as the dominant contribution of hydrogen-bond donor OH groups in the same spectral region. This study has a double interest: together with the assignment of the FTIR spectra of ASA samples, a validation of the theoretical model is obtained. 
Acidity of OH groups on ASA : on the dominant role of the stability of the conjugated base
Thanks to this model, the independent behaviour of each site can be inferred with regard to basic probe molecules. depending on the number and coordination of Al. These sites are related to Silanol-Al proposed within the DFT model. A more detailed analysis was performed in the case of lutidine adsorption, on all sites of the ASA surface model. 103 As PBS and bridging OH-groups, water molecules adsorbed on aluminum atoms exhibit interesting proton transfer ability. This is consistent with previous experimental proposals. 100, 121 In a general manner, we showed that the main factor governing the proton transfer ability of acid sites of ASA is the stabilisation of the conjugated base (of the acid site), either on formation of Al-O or Si-O bonds, or by cascade proton transfer, 103 as explained in figure 6 . In addition, the properties of the modelled ASA's OH groups were compared to that of an ideal bridging OH group within mordenite. The lower Brønsted acidity of ASA compared to zeolites was assigned to the lack of electrostatic confinement effect. This result may have a significant impact on the role of pore size on the reactivity and selectivity in hydrocracking reactions, which will be the object of future investigations. We also investigated in more details the interaction of CO as a probe molecule on all sites of the ASA model, 104 as this molecule is being used since many years to characterize experimentally the acidity of various materials, [122] [123] [124] [125] including ASAs. 56, 96-99, 120, 126 Common sense suggests that the more positively charged the proton, the more acid a surface OHgroup. CO is able to probe charges along the surface because of its dipolar nature. This perturbation induces a shift of the CO infrared stretching vibration usually measured by FTIR.
The CO stretching vibrational frequency is indeed shifted ( ν ∆ CO ) and depends on the adsorption sites, which are both Brønsted and Lewis acid sites. It is generally admitted that the more acidic the adsorption site, the larger the shift of CO vibration. Nonetheless, we found that CO probes the surface electrostatic field, producing a vibrational Stark effect, which does not depend solely on the Brønsted acid character of the protons (this latter parameter being quantified by the proton transfer ability to lutidine, figure 7 ). On the ASA surface, the higher calculated shifts were assigned to some PBS-Al groups, likely due to the high electrostatic field imposed by aluminum cations. This shift (~35 cm -1 ) is in good agreement with the signal experimentally assigned to "strong Brønsted acid sites". 
Models of ultra-dispersed catalysts : noble metals supported on γ-Al 2 O 3
Platinum supported on γ-alumina (γ-Al 2 O 3 ) is a prominent catalyst involved in many different fields such as the treatment of automobile exhaust, 10 catalytic reforming, 9 alkane dehydrogenation, 127 and biomass conversion. 80 In many catalytic processes, due to economic constraints, the optimal use of each Pt atom as an active site is critical and thus, it is sought to reach subnanometer particles' sizes while keeping their metallic properties. The γ polymorph of alumina, possibly chlorinated, is the most widely used in industry due to its advantageous porosity, surface area and chemical properties. 128 Catalytic reforming is one of the applications of interest where subnanometer size particles are of great importance and where the effect of the support is also predominant. 9 In this case, Pt is usually highly dispersed (content lower than 1 wt %). The level of complexity of these catalysts is high, due to the subnanometer size of the particles, to the presence of dopants in the metallic phase (other metals such as Sn) and on the support (chlorine or indium for example). The reaction network in which they are involved is also very complex, due to the bifunctional nature of the system (metallic and acidic phase) and the various desired (isomerisation, dehydrogenation, 
Size and morphology effects in ultra-dispersed platinum catalysts
Relevant models of monometallic platinum particles supported on dehydrated, hydroxylated and chlorinated γ-alumina were firstly elaborated, 154, 155 based on alumina support models presented in section 1, and on models of metallic non-supported clusters. 156 Platinum clusters containing 13 atoms were considered as being representative of highly dispersed platinum catalysts with particle size close to 1 nm. Symmetric morphologies, as cuboctahedron or icosahedron, appeared to be less favourable than less symmetric structures in gas phase ( Figure 8-(a) ), as biplanar structures, or irregular edifices obtained by simulated annealing sequences. 156 Smaller particles (from 1 to 5 atoms) were also considered, as HRTEM suggest the occurrence of atomically dispersed Pt species. 131, 132 The alumina (100) surface is generally dehydroxylated in catalytic reforming conditions, whereas the (110) is still hydroxylated, 74, 77 possibly chlorinated. 90 For isolated clusters, the following general rule holds: the bigger the size, the more stable the cluster ( figure 8-(b) ). In a second step, the reactivity of hydrogen towards platinum was investigated on the Pt 13 /γ-Al 2 O 3 (100) system. 88 Hydrogen is indeed present in the reactive medium, in particular in catalytic reforming, 9 and titration methods aiming at quantifying the dispersion of the platinum particles often involve hydrogen adsorption. 158 On the γ-Al 2 O 3 (100) surface, in the absence of hydrogen, the Pt 13 cluster preferentially lies in the "biplanar" (BP) morphology ( Figure 8 - (d)) and maximizes the metal-support interaction through Pt-O and Pt-Al bonds. 154 The calculations show that this structure presents a strong affinity towards hydrogen. Most stable structures for given hydrogen coverage (from 1 to 36 hydrogen atoms per cluster) were identified thanks to ab initio molecular dynamics. A thermodynamic diagram was constructed, providing the surface state as a function of the temperature and hydrogen partial pressure (Figure 9-a) . The increase of hydrogen coverage may reach a H/Pt atomic ratio greater than 1.4, which induces a cluster reconstruction from the BP to a cuboctahedral (CUB) morphology. The H/Pt ratio exceeding 1 -often observed in experimental analysis conditions 130, 159 -is rationalized by this reconstruction process. Charge analysis reveals that a hydride phase is obtained for the Pt 13 CUB structure, with the partial loss of the metallic nature. In contrast, for reaction conditions such as catalytic reforming (T~800 K and P(H 2 )~10 bars), the particle remains biplanar with moderate H/Pt ratio (0.5-1). The electronic analysis also shows that it keeps its metallic character. These results account for numerous experimental data (TPD, XAS, HRTEM, etc.). [160] [161] [162] [163] [164] [165] H coverage effects are also worth being considered when choosing the ideal surface models. Figures 9-b and 9 -c depict the thermodynamic diagram calculated for the hydrogen/Pt(111) and hydrogen/Pt(100) systems. For similar thermodynamic conditions, the H uptake of the supported Pt 13 cluster is higher than that of extended Pt (111) and Pt (100) surfaces. For example, at P(H 2 )=P°=0.1 MPa, ideal surfaces exposed by large particles are depleted from H atoms at T > 900 K, whereas the Pt 13 cluster still contains 6 H atoms. This illustrates the non-relevance of ideal surface models for depicting the adsorption thermodynamics on subnanometric clusters, and also the importance of considering H coverage effects for the description of ideal surfaces in operating conditions, as θ H deviates from 0 ML for a large set of (T, P(H 2 )) conditions. reaction is also promoted due to the simultaneous stabilization of monocarbonaceous species on the platinum clusters with high hydrogen coverage. Regarding acetylene, its stability is more affected by the increase of J (thus of P(H 2 )) than less dehydrogenated compounds.
Moreover, the most stable cluster morphology when acetylene is adsorbed at J=1 for example, is no longer the biplanar one but the CUB one ( Figure 10 ). As a consequence, we were able to identify and quantify the interval of process conditions to be used for moderate dehydrogenation of ethane into ethylene avoiding further dehydrogenation, ethylidyne formation, hydrogenolysis and coke formation as targeted in process conditions. 8, 166, 167 From a more general point of view, such hydrogen coverage effects also impact significantly the behaviour of ideal surface, although it is often overlooked on these simple systems. For instance, in selective hydrogenation of butadiene into butene, it has been shown that the competitive adsorption of hydrogen also significantly modifies the adsorption mode and thermochemistry of reactants and products on ideal Pd (111) and (100) surfaces. 
Current challenges in the simulation of ultra-dispersed catalysts
DFT calculations appear as an appropriate tool to rationalize the behaviour of complex metallic systems at the molecular scale. Experiments are challenged by proposals coming from our studies. 140, 165 Experimental characterization is currently being performed to validate some key-features of our theoretical study, in our team and other research groups. 140 The impact of tin on the interaction with hydrogen is also being investigated. Other perspectives are oriented towards the reactivity of such particles with alkanes exhibiting longer chain length.
More generally, the challenges in the field are the appropriate simulation of the multicomponent nature of the system, taking into account non-reduced metal toms, dopants and additives, and their impact on the chemical reactivity of the particles within complex reaction networks, involving various types of reactants (hydrocarbons, oxygenates, pollutants, etc.).
Throughout such studies, the impact of the reconstruction of the particles should be taken into account.
It remains rather difficult to conclude if theoretical studies based on infinite metallic surface models and deriving so-called "universal" trends (as mentioned in Introduction) can be applied to such multi-component catalysts. To the best of our current understanding, we suggest to remain cautious when using simplified structure-activity relationships in the case of highly dispersed catalysts because the risk of missing the chemical cornerstone of the catalysts is always present.
General challenges
The previous examples highlight that modelling complex catalytic systems at the atomic scale remains a current challenge, notwithstanding the significant improvement of the efficiency of computational tools in the past decades. Indeed, this research area would not be possible the exponential increase of computing architectures performances and the significant developments of efficient quantum physics software algorithms. 175 At the same time, a continuous improvement of the accuracy in the determination of the energy and geometry of a given system is achieved by quantum calculation. 43 However, undertaking a rational approach to propose a relevant -and not just arbitrary -model, remains a limiting step in this field.
Ideal surface approaches or derived descriptor approaches have the advantage of being simpler and quicker methods, opening the door of the prediction based on periodic trends. 50, [176] [177] [178] [179] [180] They rationalize first screening approach that could be sustained by high throughput experimentations, during the search of a new catalytic formulations for a specific reaction. 181 However, this can only be the first order level of computational assistance to the development and improvement of catalysts, which then need a finer molecular scale description of the real catalytic systems beyond the first order level. Thus the right level of complexity must be considered to allow further progresses in the field.
The main perspective of the works presented here is to gain an ever more relevant level of complexity in the simulated systems, so as to provide an optimal model and accurate chemical descriptors valid for industrial catalysts. For example, doping elements or cations and anions issued from the precursors during synthesis on alumina based supports, are known to influence the catalytic properties. Regarding ultra-dispersed platinum-based catalysts, the detailed role of promoters and the impact of their oxidation state (in particular for Sn) should be taken into account. It may also be of crucial interest for industrial catalyst to get a better quantitative understanding on the stability and reactivity of such multi-metallic nanoparticles on modified alumina surfaces (for example silica-alumina). This would help to provide a control at the molecular level of the balance between Brønsted acid sites and metallic sites, which is of fundamental and applied interest for bifunctional catalysts. 79 One future guideline for such a research is the simulation of all steps of the synthesis and activation procedure of the studied catalysts. In particular, challenging perspectives are the simulation of the solid-liquid interface between the support and the synthesis solutions with significant dynamic solvent effects, possibly charge separation, [182] [183] [184] as well as calcination / reduction steps where the mobility of active phases is high. In particular, the use of state-of-the-art (ab initio or force field based) molecular dynamic strategies will be key in this field. However, it must be stressed that developing the optimal techniques and approaches to better understand chemical phenomena taking place at solid-liquid interfaces remains a challenge not only for theoreticians but also for experimentalists. 185 In this spirit, once accurate models are established for a given catalyst, considering realistic reaction media and the interaction of the catalysts with each component of the gaseous or liquid phase is a complex task. 186, 187 We illustrated how temperature and pressure effects can be taken into considerations in the simulation, but complex mixture of large molecules are sometimes involved in real reactions. A quantum tool is probably not the most appropriate one to describe the reactivity of such systems: reactive force-field can be onealthough not trivial -solution. 188 Finally, understanding and predicting the macroscopic catalytic performance also require to take into account the limitations induced by the combined effects of kinetics, diffusion, convection, local evolution of the temperature and pressures / concentrations. Such a global process can only be modelled thanks to a multiscale approach, integrating quantum descriptors, kinetic modelling and reactor models. 43, [189] [190] [191] For this purpose, collecting systematic DFT data as a function of surface coverage imposed by reaction conditions is necessary. Significant achievements were reported in this field, but usually starting from DFT models of ideal metal [192] [193] [194] or oxide 189, 195 surfaces. Integrating data for more and more realistic and coverage dependant DFT models will provide improved description and prediction abilities for catalytic developments.
Conclusions
The objective of the present paper was to illustrate the need for accurate models of heterogeneous catalysts, obtained by ab initio calculations, which take into account, as far as possible, the complexity of the real catalytic system. To exemplify such an approach, we focused on two systems which has attracted more attention recently in our research work, by the mean of Density Functional Theory calculations : amorphous silica alumina surfaces and sub-nanometer platinum particles, possibly doped, supported on gamma-alumina. These two systems are challenging as they are of significant fundamental and industrial interests, and also due to their complexity, inherent to multi-element composition, structural disorder, and small particle size. Climbing the ladder of complexity, a step-by-step investigation led us to propose rational models of such systems. Extended comparison with the most advanced experimental characterizations is the key for the validation of these models. Atomic insights are then provided, which are not easily reached by experimental techniques only, even cutting-edge ones such as in situ XAS or operando IR. In particular, pseudo-bridging silanols were proposed as key active sites on amorphous silica-alumina, whereas a hydrogen-induced reconstruction of platinum particles is anticipated thanks to DFT calculations. This latter example addresses probably one of the highest levels of complexity for a catalytic system: it combines a system with no symmetry, a nano-particle deposited on a support, which is highly sensitive to reaction conditions and support effects. For such systems, quantum descriptors used in the so-called "universal" trends evaluated at ultra low reactant coverage on ideal (infinite) surfaces must be considered with great care. Dedicated theoretical investigations compared with well-defined experiments are certainly mandatory to identify on what can be defined as relevant, if not "universal", quantum descriptors. However, even if future experimental investigations may reveal some interesting catalytic systems which do not match with the so-called "universal" trends proposed nowadays, we hope that the present perspective have highlight alternative routes for simulation approaches to tackle these "non universal"
cases by considering their own complexities.
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